Hepatocellular carcinoma is an aggressive neoplasm and is one of the most common human cancers. Recently, long non-coding RNAs have been demonstrated to participate in pathogenesis of many diseases including the progression in several cancers. In this study, we found that the long non-coding RNA colon cancer-associated transcript 1 was upregulated in hepatocellular carcinoma tissues (p < 0.05), and high colon cancer-associated transcript 1 expression level was positively associated with tumor volume (p < 0.05) and American Joint Committee on Cancer stage (p < 0.05) in hepatocellular carcinoma patients. Luciferase reporter assays and RNA-pulldown assays showed that colon cancerassociated transcript 1 is a target of miR-490-3p. Real-time quantitative polymerase chain reaction and Western blot analysis indicated that colon cancer-associated transcript 1 regulated cyclin-dependent kinase 1 expression as a competing endogenous RNA by sponging miR-490-3p in hepatocellular carcinoma cells. Furthermore, colon cancer-associated transcript 1 silencing decreased hepatocellular carcinoma cells proliferation and invasion and overexpression promoted cell proliferation and invasion in vitro. These data demonstrated that the colon cancer-associated transcript 1/miR-490-3p/cyclin-dependent kinase 1 regulatory pathway promotes the progression of hepatocellular carcinoma. Inhibition of colon cancer-associated transcript 1 expression may be a novel therapeutic strategy for hepatocellular carcinoma.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common human cancers in the world with high mortality and ranks as the fifth most common malignancy. 1 Although surgical treatment measures have been improved in recent years including the most effective treatment approaches for HCC, such as surgical resection or transplantation, the 5-year survival rate of HCC patients is still only approximately 5%. 2 Therefore, it is important to explore the molecular and biological functions underlying HCC progression, which could help to identify novel cancer biomarker and therapeutic targets.
Long non-coding RNAs (lncRNAs) compose a group of non-protein-coding RNAs that are more than 200 nucleotides in length. Recent studies have shown that lncRNAs play important roles in regulating gene expression and can reprogram the transcriptome to modulate cellular processes involved in cellular growth and differentiation and thereby contribute to tumorigenesis. 3, 4 Colon cancer-associated transcript 1 (CCAT1), a ~2-kb lncRNA located at chromosome 8q24.21, is first found to be upregulated in colon cancer. 5 Recently, some reports have found that CCAT1 is involved in tumor progression and tumorigenesis in various types of cancers including colon cancer, 6 gastric cancer, 7 and colorectal cancer. 8 The competitive endogenous RNA (ceRNA) mechanism for CCAT1 and microRNAs involving in tumor progression has been reported in some studies, for example, Zhou et al. 9 reported the lncRNA CCAT1/miR-490 axis regulated gastric cancer cell migration by targeting hnRNPA1. Ma et al. 10 reported that lncRNA CCAT1 promoted gallbladder cancer development via negative modulation of miRNA-218-5p. In HCC, CCAT1 promoted HCC progression by functioning as let-7 sponge. 11 But the role of CCAT1 functioned as a competing endogenous RNA (ceRNA) in HCC progression still needs to be further explored.
In this study, we found that CCAT1 expression was upregulated in HCC tissues and knockdown of CCAT1 inhibited HCC cells proliferation and invasion. The expression of CCAT1 was negatively correlated with miR-490-3p and functioned as a ceRNA to regulate cyclin-dependent kinase 1 (CDK1) expression by sponging miR-490-3p. The CCAT1/miR-490-3p/CDK1 regulatory axis may be a novel therapeutic target for HCC.
Materials and methods

Patients and samples
The 40 cases of HCC tissues and their pair-matched adjacent normal hepatic tissues utilized in this study were obtained from patients with HCC who had undergone radical resection between January 2014 and December 2015 at the Department of Hepatobiliary Surgery of the First Affiliated Hospital of Chinese PLA General Hospital. All cases were confirmed as HCC. The patients were staged according to the tumor node metastasis (TNM) staging system (the 7th edition) of the American Joint Committee on Cancer (AJCC). Patients recruited in this study received no other treatments prior to surgery. Specimens were obtained immediately after surgical resection and stored at −80°C for further analysis. The study was approved by the Human Ethics Committee of The First Affiliated Hospital of Chinese PLA General Hospital. Written consent for publication had been obtained from all patients. All clinical investigations have been conducted according to the principles expressed in the Declaration of Helsinki.
Cell culture
The liver normal cell lines LO2 and four human HCC cell lines MHCC97H, MHCC97L, Hep3B, and SMCC-7721 were obtained from the Chinese Academy of Sciences Cell Bank. Cells were cultured in Dulbecco's modified Eagle's medium (Gibco BRL, Grand Island, NY, USA) including 10% fetal bovine serum (FBS, HyClone, Invitrogen, Camarillo, CA, USA), 100 µg/mL penicillin, and 100 µg/ mL streptomycin (Invitrogen, Carlsbad, CA, USA). Cells were incubated at 37°C with 5% CO 2 .
RNA preparation, reverse transcription, and quantitative polymerase chain reaction
Total RNA was prepared from HCC tissues and cells using TRIzol (TaKaRa, Dalian, China) according to the manufacturer's protocol. All samples were synthesized from 1 µg of total RNA by Prime Script RT Master Mix kit (TaKaRa). The reactions were incubated at 95°C for 60 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. Real-time polymerase chain reaction (PCR) was performed using a SYBR Green PCR kit (TaKaRa), and realtime reverse transcription polymerase chain reaction (RT-PCR) reactions were performed on an ABI 7500 system (Applied Biosystems, Carlsbad, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal controls for lncRNAs and U6 was used as internal controls for microRNAs, respectively. The primer sequences used were as follows: GAPDH (forward): 5′-GTCAACGGATTTGGTCTGTATT-3′, GAPDH (reverse): 5′-AGTCTTCTGGGTGGCAGTGAT-3′; CCAT1 (forward): 5′-CATTGGGAAAGGTGCCGAGA-3′, CCAT1 (reverse): 5′-ACGCTTAGCCATACAGAGCC-3′; CDK1 (forward): 5′-CGG ACA TTA CTG GCC TGT TC-3′, CDK1 (reverse): 5′-TAG GGC AGC TTG AAG GAA ACC-3′; MiR-490-3p (forward): AACATGCCATGGGGGCCGG AGCGGAGT. The relative expression fold change of messenger RNAs (mRNAs) was calculated by the 2 −ΔΔCt method. All experiments were performed in triplicate.
Cell proliferation assays
The Cell Counting Kit-8 (CCK-8) proliferation assay was performed with MHCC97H and MHCC97L cells (Dojindo, Tokyo, Japan) according to the manufacturer's protocol. Furthermore, si-NC, si-CCAT1, miR-490-3p inhibitor, and si-CCAT1+miR-490-3p inhibitor were transfected into MHCC97H or MHCC97L cells, respectively. A total of approximately 3 × 10 3 cells were plated in 96-well plates. CCK-8 assay solution (10 µL) was added to each well after incubation for 24, 48, 72, and 96 h. Then, after incubation for another 2 h, optical density (OD) at 450 nm was measured with an enzyme immunoassay analyzer (Thermo Fisher Scientific, Inc., USA) to estimate cell proliferation among different groups.
Western blot analysis
Whole cells were washed in phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with protease inhibitor cocktail (Sigma, Shanghai, China) followed by incubation on ice for 20 min. The supernatant (45 µg of protein) was separated with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to a polyvinylidene fluoride membrane (Millipore, Beijing, China). The following primary antibodies were used according to the manufacturer's instructions and antibodies against CDK1 (1:1000, CST, USA) and GAPDH (1:1000, CST). Blots were incubated with anti-rabbit secondary antibody (1:2000, CST) and visualized using enhanced chemiluminescence (ECL, Thermo Scientific, Beijing, China). All experiments were performed in triplicate.
RNAi and transfection
Two CCAT1-siRNAs were purchased from Genepharm (Shanghai, China). A negative control siRNA was also provided by Genepharm. The siRNA sequences are as follows: si-CCAT1-1, 5′-CGGCAGGCATTAGAGATGAAC AGCA-3′; si-CCAT1-2, 5′-CCATTCCATTCATTTCTCTT TCCTA-3′; negative control, sense, 5′-UUCUCCGAACG UGUCACGUTT-3′; antisense, 5′-ACGUGACACGUUC GGAGAATT-3′. The concentrations of relative siRNAs, mimics and inhibitors were 20 µM, and the working concentration was 20 nM. Short interfering RNA plasmids were transfected into cells in 6-well plates using Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The miR-490-3p mimic and inhibitor were transfected into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) The CCAT1 sequence was synthesized and subcloned into the pCDNA3.1 vector (Invitrogen, Beijing, China). Ectopic expression of CCAT1 was achieved through pcDNA-CCAT1 transfection, with an empty pcDNA vector used as a control.
Luciferase reporter assay
The MHCC97H cells (2.0 × 10 4 ) grown in a 96-well plate were co-transfected with 150 ng of empty pmir-GLO-NC, pmir-GLO-CCAT1-Wt, or pmir-GLO-CCAT1-Mut (Sangon Biotech, China) and 2 ng of pRL-TK (Promega, Madison, WI, USA) with a miR-490-3p mimic or miR-NC into cells using Lipofectamine 2000 (Invitrogen, USA). The relative luciferase activity was normalized to Renilla luciferase activity 48 h after transfection. The transfection was independently repeated three times.
Biotin-labeled miRNA-pulldown assays
Biotinylated-NC, biotinylated miR-490-3p, and biotinylated miR-490-3p-mut were transfected into MHCC97H cells. RNA-pulldown assays were performed as described previously and had a small revision. 12 MHCC97H cells were collected after transfection at 48 h. The cells lysates were incubated with M-280 streptavidin magnetic beads (Invitrogen, San Diego, CA, USA). To prevent non-specific binding of RNA and protein complexes, the beads were coated with RNase-free bovine serum albumin (BSA) and yeast transfer RNA (tRNA; both from Sigma). The beads were incubated at 4°C for 3 h and washed three times with ice-cold lysis buffer and once with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0 and 500 mM NaCl). The bound RNAs were purified using TRIzol for the analysis.
Statistical analysis
All data are reported as the mean ± standard deviation (SD). Pearson's correlation coefficient (r) was used to measure linear correlations between two variables. The differences between groups were analyzed using Student's t-test. The difference was statistically significant at p < 0.05.
Results
CCAT1 is upregulated in HCC tissues and cells
To define the role of CCAT1 in human HCC, we analyzed 40 pairs of human HCC tissues and matched adjacent normal tissues using quantitative real-time PCR (qRT-PCR) analysis. The results found that CCAT1 expression levels were significantly upregulated in HCC tissue samples compared to adjacent normal tissues (Figure 1(a) , p < 0.05). The CCAT1 expression rate was 27/40 (67.5%). Moreover, the high-CCAT1 group (n = 25: CCAT1 expression ratio ≥ median ratio) and low-CCAT1 group (n = 15; CCAT1 expression ratio ≤ median ratio) were classified according to median ratio of relative CCAT1 mRNA expression (2.95) in 40 cases of tumor tissues. Higher CCAT1 expression level in HCC was positively associated with tumor volume and AJCC stage (Figure 1(b) and (c), Table 1 , p < 0.05). To explore the biological functions of CCAT1 in HCC, we compared CCAT1 expression in four HCC cell lines (MHCC97H and MHCC97L, SMCC-7721 and Hep3B cells) with a human normal hepatocellular cell LO2 (Figure 1(d) ). We found that expression level of CCAT1 was significantly upregulated in the tumor cell lines. Furthermore, two different siRNAs oligos against CCAT1 were transfected into MHCC97H cells. Both of two siRNAs could efficiently knock down the endogenous CCAT1 (Figure 1(e) ). The siRNA-CCAT1-2 was used in the later experiment for efficiently silencing CCAT1 and MHCC97L cell was used for overexpression of CCAT1 (Figure 1(f) ).
CCAT1 directly targeted miR-490-3p and inhibits its expression in HCC cells
A previous study had reported that CCAT1 may be an oncogenic lncRNA and promoted HCC cell proliferation and invasion. 11 Some studies have demonstrated that LncRNA could function as a ceRNA in modulating the expression and biological functions of miRNA. 13 We performed a bioinformatics analysis using Starbase 2.0 (http://starbase. sysu.edu.cn) and then found that miR-490-3p contains a binding site for CCAT1 (Figure 2(a) ). The expression levels of miR-490-3p in normal tissues and tumor specimens were analyzed by quantitative real-time PCR; we found that miR-490-3p was downregulated in the HCC tissue specimens (Figure 2(b) ), but CCAT1 was upregulated in the HCC tissues (Figure 1(a) ), these results indicated a significant negative correlation between CCAT1 and miR-490-3p (R = −0.389, p < 0.05, Figure 2(c) ). We then performed knockdown experiments to explore whether knockdown of CCAT1 affects miR-490-3p in MHCC97H or SMCC-7721 cells. MiR-490-3p was significantly upregulated after silencing of CCAT1 (Figure 2(d) and (e), p < 0.05). MiR-490-3p was significantly downregulated after overexpression of CCAT1 in MHCC97L cells ( Figure  2 (f), p < 0.05). Furthermore, we demonstrated that the expression level of CCAT1 was decreased after transfection with a miR-490-3p mimic and increased after transfecting with a miR-490-3p inhibitor in MHCC97H cells (Figure 2(g) , p < 0.05). Moreover, we also detected the miR-490-3p expression in four HCC cell lines (MHCC97H and MHCC97L, SMCC-7721 and Hep3B cells) with a human normal hepatocellular cell LO2, and the results demonstrated that miR-490-3p was downregulated in HCC cells (Figure 2(h) , p < 0.05).
To explore the underlying biological function between the CCAT1 and miR-490-3p, the dual-luciferase reporter assay was performed with MHCC97H cells. The results demonstrated that the luciferase activity was significantly decreased by the co-transfection of miR-490-3p mimic + pmiR-Glo-CCAT1-wt, but no significant difference in the relative luciferase activity between the co-transfection of miR-490-3p mimic + miR-NC and miR-490-3p mimic + pmiR-Glo-CCAT1-mut in MHCC97H cells (Figure 3(a) ). Above results demonstrated that CCAT1 is a target of miR-490-3p.
In addition, we performed RNA-pulldown assays to detect whether miR-490-3p could directly bind to CCAT1. MHCC97H cells were transfected with biotinylated miR-490-3p and then harvested for biotin-based pulldown assays. As shown by qRT-PCR assays, CCAT1 was pulled down by biotin-labeled miR-490-3p oligos, but not the mutated oligos (binding sites were mutated to the complementary sequences) that disrupted base pairing between CCAT1 and miR-490-3p (Figure 3(b) ). Thus, our results indicated that miR-490-3p directly bound to CCAT1.
Knockdown of CCAT1 inhibits CDK1, a target of miR-490-3p
Overexpression of CDK1 promoted tumor proliferation and was reported to be a target of miR-490-3p in ovarian epithelial carcinoma and miR-490-3p suppressed tumorigenesis and progression via inhibition of CDK1. 14 
Our
results detected that CDK1 mRNA expression was upregulated in HCC tissues compared with adjacent normal tissues (Figure 3(c) ).The qRT-PCR and Western blot assays were used to measure the mRNA and protein level of CDK1, and we found that knockdown of CCAT1 in MHCC97H cells led to a significant decrease in endogenous CDK1 mRNA and protein expression. The miRNA-490-3p inhibitor reversed these effects, which indicated that CCAT1 partially modulated CDK1 by competing with miRNA-490-3p (Figure 3(d) and (e)). Overexpression of CCAT1 in MHCC97L cells led to a significant increase in endogenous CDK1 mRNA and protein expression, but the miRNA-490-3p mimic reversed the effect (Figure 3 (f) and (g)). Together, the above results suggested that CCAT1 acts as a ceRNA by sponging to CDK1, modulating the CDK1 expression by binding miR-490-3p.
CCAT1 promotes HCC cell proliferation and invasion by competing with miRNA-490-3p in vitro
To detect the effect of CCAT1 on cell progression in HCC, a siRNA-CCAT1 oligo was stably transfected into MHCC97H and pcDNA3.1-CCAT1 was transfected into MHCC97L cells. The growth curves detected by CCK-8 assays showed that CCAT1 silencing significantly inhibited HCC cell proliferation. Whereas, this was reversed by co-transfection of si-CCAT1 and a miR-490-3p inhibitor in MHCC97H cells (Figure 4(a) ). The overexpression of CCAT1 significantly promoted HCC cell proliferation, but was reversed by co-transfection of pcDNA3.1-CCAT1 and miR-490-3p mimic in MHCC97L cell (Figure 4(b) ). Cell invasion assays demonstrated that the invasive cell number was significantly reduced in the CCAT1 silencing group compared with the si-NC group, but was reversed by co-transfection of si-CCAT1 and the miR-490-3p inhibitor in MHCC97H cells (Figure 4(c) and (d) ). Overexpression of CCAT1 significantly promoted HCC cell invasion, but was reversed by co-transfection of pcDNA3.1-CCAT1 and miR-490-3p mimic in MHCC97L 
